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(54) Surface acoustic wave device, substrate tiierefor and method of manufacturing the 
substrate 



(57) A sapphire single crystal wafer 1 1 having a 
diameter not less than two inches and having an off- 
angled surface which is otitained by rotating an R (1- 
102) surface ^ut a [1 1 -20] axis in a negative direction 
t>y a given off-angle not less than 2" is introduced in a 
CVD apparatus. While the sapphire substrate is kept at 
a tenperature about SSCC, a buffer layer made of gal- 
lium nitride or aluminum-gallium nitride is first deposited 
with an average thickness of 0.1-0.2 urn, and then a alu- 
minum nitride single crystal layer is deposited with an 
average thickness not less than about 2 ^m. The thus 
obtained aluminum nitride single crystal layer has not a 
significant amount of clacks, has an excellent piezoelec- 
tric property, and has a Ngh propagating vekx:jty. 
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Description 

Background of the Invention 

Reld ot the Invention s 

[00011 The present invention relates to a surface 
acoustic wave device, and a sut)strate for use in a sur- 
iace acoustic wave device, and more particularly to a 
substrate corrprising a sapphire single crystal substrate io 
consisting of a-Al203, a buffer layer formed on said sap- 
phire single crystal sut>strate by the metal organic 
chemical vapor deposition (MOCVD). and an aluminum 
nitride single crystal layer tormed on the buffer layer 
also by ttie MOCVD. The present invention also relates is 
to a method of manufacturing the above mentioned sub- 
strate for use in a surface acoustic wave de^ce. 

Related Art Statement 

20 

[0002] HeretofcM'e, substrates ot surface acoustic 
vifave devices have been generally made of quartz, 
Lil^bOs, LiTaOa, 1^2^407 and others. These substrate 
materials have been utilized owing to a reason that they 
have excellent electro-mechanical coupling coefficient 25 

and temperature coefficient of delay time (TCD) 
which are important transmission properties of ttw sur- 
face acoustic wave device. While, the application of the 
surface acoustic wave devices has become wider and 
wider, and it fias been required to provide a surface 30 
acoustic wave device fia\nng a very high operation fre- 
quency, hkwever, a propagating v^ocity of the surfece 
acoustic wave in the above mentioned substrate materi- 
als is about 3000-5000 nVsec, and in order to realize a 
sur^e acmjstic wave device having an operation fre- 35 
quency in the order of GHz. it is required to provide a 
substrate having a propagating velocity for the surface 
acoustic wave not lower tiian 5000-6000 m/sec. 
[0003] As stated above, in order to realize a sur^ce 
acoustic wave device having a very high operation fre- 4o 
quency, it is necessary to use a substrate having a high 
propagating velocity. For this purpose, it has been pro- 
posed to use a subshrate indudng an aluminum nitride 
(AIN). An electromechanical coupling coefficient of 
the aluminum nitride is about 0.8% which is higher than 45 
that of quartz by about five times, and a temperature 
coefficient of delay time TCD of the aluminum nitride is 
not larger than 20 ppnVC. However, the aluminum 
nitride has a very high melting point and therefore it is 
difficult to obtain a large bulk aluminum nitride single 50 
crystal. Due to this fact, in general, an aluminum nrb'ide 
single crystal layer is formed on a sapphire single crys- 
tal substrate made of a-Al203. Such a sapphire single 
crystal substrate has been used owing to a reason that 
it is easily available and its lattice constant does not dif- 55 
fer largely from that of the aluminum nitride. 
[0004] As stated above, it has been proposed to 
use the substrate in which the aluminum nitride layer is 



deposited on the sapphire substrate. The inventois of 
the instant application have conducted various experi- 
ments, in which after performing an initial nitriding treat- 
ment by exposing an R(1-102) surface of a sapphire 
substrate to an atmosphere of ammonia to form a very 
thin aluminum nitride single crystal film, an aluminum 
nitride single crystal layer is d^x>sited on fhB aluminum 
niti^ide single aystal film by the metal organic chemical 
vapor depo^on (MOCVD). For instance, a sappHre 
single crystal substrate was placed in a CVD apparatus, 
and then ti'imethylaluminum (TMA) and amnunia (NH3) 
were introduced into the CVD apparatus to d^xjsit an 
aluminum nitride single crystal layer on the sapphire 
substrate. It was confirmed that the aluminum nitride 
single crystal layer thus formed by the MOCVD method 
has a good electromechanical coupling coefficient K^. 
[P005] In the exp^ments, use was made of a very 
small sapphire substrate of a square shape having a 
side of 5 mm. In order to manufacture substrates for sur- 
face acoustic wave devices on a practically acceptable 
large scale, it is necessary to use a sapphire wafer not 
less than two inches (50.8 mm). To this end, it is neces- 
sary to establish a method, in w^ich an aluminum nitride 
single crystal layer has to be formed on a surface of the 
two inch sapphire single crystal wafer, then a desired 
electrode pattern has to be formed on the aluminum 
nitride layer, and finally the sapphire single crystal wafer 
has to be divided into chips by dicing. 
[0006] In one of the experiments conducted by the 
inventors, use was made of a two inch sapphire single 
crystal wafer having a thickness of 300-500 (im, a first 
aluminum niti-ide single crystal film was formed on the 
sapphire wafer by means of the above mentioned initial 
nitriding treatment, a second ali^ninum nitride single 
crystal layer having a thickness not less than 1 iwn was 
formed on the first aluminum nitride single crystal f Bm by 
MOCVD, and finally the sapphire single crystal wafer 
was divided into a nimber of surface acoustic wave 
devices. It has been experimentally confirmed that a 
number of clacks were formed in the aluninum nitride 
single crystal layer with a mutual spacing of about 1 
mm. Surface acoustic wave deuces were manufactured 
using the tiius obtained sid)strates. Then, it was experi- 
mentally confirmed that propagation loss of ttie thus 
obtained surface acoustic wave devices was very large 
and the property of ttie device is deteriorated. In ttiis 
manner, it has been experimentally confirmed that prac- 
tically usable surface acoustic wave devices could not 
be manufectured using the atxve mentioned sapphire 
single crystal substrate. 

[0007] In a field of manutecturing light errutting sem- 
iconductor devices (LED}, it has been known to use a 
substrate including a sapphire single crystal substrate 
and a lll-V conpound angle crystal layer such as GaN 
and AIN single crystal layer formed on the sapf^ire sin- 
gle crystal substrate. In order to prevent clacks from 
being formed in ttte lll-V compound single crystal layer, 
it has been proposed to form a tiiin buffer layer on the 
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sappture single crystal substrate prior to the formation 
of the l(l-V corrpourxl sir>gle crystal layer. The inventors 
have introch>ced this method in the formation of a sdb- 
strate for the surface acoustic wave devices. That is to 
say, a very thin txrffer layer cortsisting of an aluminum 
nitride single crystal film having a thickness of about 5- 
50 nm was first formed on a sapphire single crystal sub- 
strate, and then a thick alunvnum nitride layer was 
formed on the txiffer layer. In this case, during the for- 
mation of the buffer layer consisting of ttie relatively thin 
first aluminum nitride single crystal layer, a surface tem- 
perature of the sapphire substrate was kept to a lower 
temperature such as 300-450'>C, and then the substrate 
was heated to 900-1 100»C during the formation of the 
relatively thick second aluminum nitride single crystal 
layer. The thus formed alumirwm nitride layer was free 
from clacks. However, its electro-mechanical coM^ling 
coefficient has become to substantially zero and the 
aluminum nitride single crystal layer looses ttie piezoe- 
lectric property. It is apparent that such a stijstrate 
could never be used as the sitetrate for the surface 
acoustic wave device. In the light emitting semiconduc- 
tor device, the lost of the piezoelectric property does not 
matter at all, txit in the surface acoustic wave de^ce, 
the piezoelectric property rs indispensable. A reason for 
disappearing the piezoelectric property by providing the 
buffer layer could not yet be clarified, but upon observ- 
ing the microstruchjre of the surface of aluminum nitride 
single crystal layer, it has been confirmed that many 
twins were formed in the surface. 
[0006] The inventors have proposed, in U.S. Patent 
Application No. 08/936,614 (con-esponding to EP 0833 
446 A2), a sut)strate for a surbce acoustic wave de^ce, 
in which the formation of clacks can be effectively pre- 
vented even by using a sapphire single crystal wafer 
having a size not smaller than two inches. 
[0009] This known substrate for use in a surface 
acoustic wave device comprising a sapphire single crys- 
tal siijstrate made of o-AlaOa and an aluminum nitride 
single crystal layer formed on a surface of said sapphire 
single crystal substrate, wherein said surface of the 
sapphire single crystal substrate is formed by an off- 
angled surface which is obt^ned by rotating an R(1- 
102) surface about a [1 1 -20] axis by a given off^gle, 
and said aluminum nitride single crystal layer is formed 
by a buffer layer consisting of an aluminum nitride single 
crystal film deposited on said off-angled surface of the 
sapphire single crystal substrate by MOCVD and an 
aluminum nitride single crystal layer deposited on the 
buffer layer by MOCVD. 

[0010] In this substrate for a sur^ce acoustic wave 
device, the first aluminum nitride single aystal layer 
serving as the buffer layer has a thickness of 5-50 nm. 
particularly atwut 10 nm, and the second aluminum 
nitride single crystal layer has a thickness not less than 
1 run. Such two-layer structure is formed by controlling 
a temperature of the sapphire substrate surface, while 
the wafer is placed in a CVD apparatus. That is to say. 



when the txjffer layer is deposed, tiie substrate tem- 
perature is set to 300"450<'C. particularly about 350oC, 
and when tiie second aluminum nitride layer is depos- 
ited, the sut}6trate tenrperature is adjusted to 900- 

5 1 100»C. particulariy about 950"C. 

[001 1 ] However, in practice, it is very difficult to form 
the first aluminum nitrkie single crystal lay^ having a 
very snrall average tiiickness at a relatively low temper- 
ature in a reproducible manner. Therefore, a manufec- 

10 turing yield of such a sut>strate is low. This results in tiiat 
the sut>strate for a surfece acoustic wave device having 
a good property could not be obtained and a practical 
surfece acoustic wave device corrprising the aluminum 
nrtride single crystal sutistrate has not been proposed. 

IS 

Summary of ihe Inventjon 

[0012] The present invention has for its object to 
provide a novel and useful substrate for a surfece 

20 acoustic wave devfoe, which has an excellent property. 
[0013] It is another object of ^inventfon to provide 
a metfuxl of manufacturing the atxive mentioned sid>- 
strate for a surfece acoustk; wave device in an easy arxl 
r^iatile manner. 

25 [0014] According to the invention, a substrate for 
use in a surfece acoustic wave device c(»Tiprises a sap- 
phire single crysfel substrate made of a-fi^O^. a buffer 
feyer formed on ttie sapphire single crystal substrate, 
said buffer feyer being made of a material selected from 

30 the groip consisting of gallium niti^ide and aluminum- 
gallium nitride, and an aluminum nitride single crysfel 
layer formed on said buffer layer with an average thick- 
ness larger than that of the buffer layer. 
[0015] In a preferable errbodiment of the sutistrate 

35 for a surfece acoustic wave device according to the 
invention, sakJ buffer layer is formed on an off-angled 
surfece of the sapphire single crystal substrate obfeined 
by rotating an R(1-102) surface about a [11-20] axis by 
a given off-angle. In this case, it is particulariy preferable 

40 that the off-angled surface is formed by rotating the R(1 - 
102} surface about the [11-20] axis t>y substantially -2'. 
It has been conf inned tiiat in such a substrate for a sur- 
face acoustic wave device, substantially no clacks have 
been formed. 

45 [0016] In preferable embodiments of the surface 
acoustic wave device, said buffer layer consisting of the 
alunvnum nitilde or aluminum-gallium nitride film has an 
average thickness of about 0.1 -0.2 |im and said alumi- 
num nitride single crysfel layer fcMmed on the buffer 

50 layer has an average thickness of about 2 jim. Accord- 
ing to the invention, since the buffer layer can have a rel- 
atively large average thickness, it can be produced 
simply. Moreover, since tiie aluminum nitride single 
crystal layer formed on the buffer layer can also have a 

55 large tiiickness, it is possible to realize the substrate for 
a surfece acoustic wave device having the electrome- 
chanical coupling coeff cient of about 0.8 % and TCF 
at a center frequency is about -20 ppm/*C. 
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[0017] rt should be noted that accorcfing to the 
invention, the buffer layer consisting of the aJuminum 
nitride film or aluiranunrt-gallium nitride film is not formed 
on the sapphire single crystal sut>strate to be snrxnlh. 
but has protrusions and depressions. TTierefore, when 5 
the buffer layer has a small thickness, on the sapphire 
substrate sur^, there are formed areas in which no 
aluminum nitride or alurrunum-gallium nitride is present 
TTierefore, a surface of the aluminum nitride single crys- 
tal layer formed on the buffer layer has also protrusions 10 
and depressions. Therefore, a thickness of the buffer 
layer having protrusions and depressions is repre- 
sented as an average thickness. Furthermore, it should 
be noted that an average thickness of the aluminum 
nitride single crystal layer is an average thickness after is 
polishing the sur^ce thereof. Prior to the polishing, the 
alununum nitride single crystal layer has an average 
thickness not less than 3 ytm. 
[0018] According to the invention, a method of man- 
ufactoring a sutsstrate for use in a surtece acoustic wave 20 
device comprises the steps of: 

preparing a sapphire single aystal substrate made 
of a-Al203 and having an off-angled surface which 
is obtained by rotating an R(1-102) surface about 2S 
[11 -20] axis by a given off-angle; 
depositing by MOCVD. on said off-angled surface 
of the sapphire single crystal substrate, a buffer 
layer made of a material selected from the group 
consisting of aluminum nitride and aluminum-gal- 3o 
Hum nitride; and 

depositing, on said buffer fayer, an aluminum nitride 
single crystal layer by MOCVD. 

[0019] In a preferable emlxxiiment of the method 35 
according to further aspect of the invention, said off- 
angled surface of the sapphire single crystal substrate 
is obtained by rotating the R(1-102) surface about the 
[1 1 -20] axis an off-angle not less than about -2", then 
said buffer layer consisting of aluminum nitride or alumi- 40 
nunrhgallium nitride is deposited by MCX)VD. and finally 
the aluminum nitride single crystal layer is deposited on 
the buffer layer by MOCVD. 

[0020] In the method according to the invention, 
said txiffer layer and alunmnum nitride single crysfal 4s 
layer may be deposited by MOCVD. while the sapphire 
single crystal substrate is heated to a temperature not 
lower than QOO'C. Upon corrpared with the known proc- 
ess in which the buffer layer is deposited at a lower tem- 
perature, the method according to the invention is so 
simple. 

[0021 ] Moreover, according to the invention, prior to 
the deposition of the buffer layer by MOCVO. an initial 
nitriding treatment may be conducted after hydrogen 
annealing. By performing such an initial nitriding treat- 55 
mem, a very thin aluminum nitride single crystal film 
having a thickness not larger than 100A on the sapphire 
single crystal substrate surface, and the above men- 



tioned buffer layer is fcxmed on tiiis film. 
Brief Description of the Drawings 
[0022] 

Fig. 1 is a cross sectional view showing a first step 
of the method of manufacturing the substrate for 
use in a surface acoustic wave device according to 
the invention; 

Rg. 2 is a cross sectional view depicting a next 
step; 

Rg. 3 is a cross sectional view illustrating a next 
step; 

Fig. 4 is a schematic perspective view shewing the 
R(1-102} surface of a sapphire single crystal sub- 
strate and the (1-210) surface of an aluminum 
nitride single crystal layer; 
Rg. 5 is a schemata view representing a direction 
of rofation of the R(M02) surface of the sapphire 
substrate about the a-axis to perform the off-angle; 
Figs. 6A, 6B and 60 are schematic views explaining 
a relationship between the R-surface and the c-axis 
when the R-surface is rofated atxnjt the a-axis; 
Rg. 7 is a graph showing a change in a surface 
temperature of the sapphire single crystal substrate 
during the MOCVD in the method according to the 
invention; 

Bg. 8 is a graph showing a relationship between a 
rofation angle of the R surface of the sapphire sin- 
gle crystal substrate about the a-axis and a dack 
generation rate; 

Fig. 9 is a graph showing a relationship between an 

average thickness of the gallium nrti-ide buffer layer 

and a generation of clacks; 

Rg. 10 is a schematic plan view illustrating an 

embodiment of the surface acoustic wave d&nce 

comprising the suttstrale according to the invention; 

and 

Rg. 11 is a graph representing a temperatore coef- 
ficient of a center frequency of the substrate 
according to the invention. 

Description of the Prefen-ed Embodiment? 

[0023] Figs. 1-3 are cross sectional views showing 
successive steps of an embodiment of the method of 
manufacturing the substrate for a surface acoustic wave 
device according to tiie invention. 
[0024] At first, as illustrated in Rg. 1 , a sapphire sin- 
gle crystal vrafer 1 expressed by a composition of a- 
AI2O3 is prepared. The sapphire single crystal wafer 1 
has a diameter of two inches and a thickness of about 
450 fim. In the present invention, an aluminum nitride or 
aluminum-gallium nitride buffer fayer is deposited on the 
sapphire wafer 1 , and an aluminum rvtride single cry^l 
fayer is deposited on the buffer layer. Ihe sapphire sin- 
gle crystal substrate 1 has an off^ngled surface 
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obtained by rotating an R(M02) suriace about a [11- 
20] axis by a given off-angle. 
[0025] Fig. 4 shows the R(1-1 02) surface as well as 
the [11-20] axis of the sapphire wafer 1, [11-20] axis 
being denoted tjy an a-axis. As stated above, according 
to the invention, the R(1-102) surface of the sapphire 
single crystal wafer Is rotated about the a-axis. In this 
case, the rotation may be performed in both directions, 
i.e. positive and negative directions as shown by an^ows 
in Rg. 4. 

[0026] Fig. 5 is a schematic view for defining the 
direction of the rotation of the R-surface about the a- 
axis. Here, a rotatnn in the clockwise direction is 
denoted as -i- direction and a rotation in the antl-clock- 
wise direction is denoted as - direction. In Fig. 5, there 
is also shown a c-axis. An angle between the c-axis and 
the R-surface is shown in Rgs. 6A-6C. Rg. 6B illustrates 
a case of no or zero off-angle, Rg. 6A shows a case in 
which the R-surface is rotated in the - cfirection and Rg. 
60 depicts a case in which the R-surbce is rotated In 
the + direction. According to the invention, the R-surlace 
is rotated in - direction to stress effectively the gener- 
ation of dacks. 

[0027] As shown In Rg. 2, a buffer layer 2 consisting 
of a gallium nitride film is deposited on the off-angled 
surface of the sapphire single crystal wafer 1 by the 
metal organic chemical vapor deposition (MOCVD), 
said off-angled surface of the sapphire surface being 
obtained by rotating the R-surface about the a-axis in 
the - direction. 

[0028] As stated above, there are formed protru- 
sions and depressions In a surface of the gallium nitride 
film 2, so ttiat when its thickness is small, there are 
formed areas at which no gallium nitride is deposited. 
Therefore, a tNckness of such a gallium nitride film 2 is 
expressed by an average thickness. 
[0029] In the present embodiment the buffer layer 2 
consisting of the gallium nitride film has an average 
thickness of 0.13 \im. According to the Invention, the 
gallium nitride layer 2 has preferably an average thick- 
ness not less than 0.1 {im in order to suppress the for- 
mation of clacks. 

[0030] Next, as depicted In Fig. 3, an aluminum 
nitride single crystal layer 3 is deposited on the gallium 
nitride layer 2 also Ijy MOCVD. In this manner, accord- 
ing to the invention, on the surface of the sapphire sin- 
gle crystal substrate 1. is first deposited the gallium 
nitride layer 2, and then the aluminum nitride single 
crystal layer 3 is deposited on the gallium nitride layer 2. 
[0031] As explained above, in ttie surface of the alu- 
minum nitride single crystal layer 3, there are also 
formed protrusions and depres^on corresponding to 
those fonmed in tiie surface of the gallium nitride buffor 
layer 2, and electrodes of a surface acoustic wave 
device could not be formed on such a surface of the alu- 
minum nitride single crystal layer 3. Therefore, the sur- 
face of the aluminum nlfide single crystal layer 3 is 
polished into a snxxAh surface. A thickness of the thus 



polished aluminum nitride layer 3 is expressed as an 
average thickness. 

[0032] As explained above, the surface of aluminum 
nitride single crystal layer 3 formed on the off angled 
5 surface of the sapphire single crystal substrate 1 is the 
R(1-210) rotated by an angle corresponding to the off- 
angle. In Fig. 4, this (1-210) surface of the aluminum 
nitride single crystal layer 3 is also shown. 
[0033] In the present embodiment, the aluminum 
10 nitride single crystal layer 3 has an average thickness of 
about 2.3 (im. According to the invention, in order to 
attain a desired surface acoustic wave property, it is 
preferable that an average thickness of tiie aluminum 
nitride single crystal layer 3 Is not less than about 2 ^m. 
IS [0034] After depositing the gallium nitride layer 2 
and the aluminum nitride single crystal layer 3 succes- 
sively by MOCVD. a desired Interdigital type electrode 
pattern is formed on the alunrunum nitride single crystal 
layer 3 with the aid of the conventional method. Then. 

20 the sappftire single crystal wafer 1 hawng the layers 2 
and 3 and the interdigital electrode patter formed tiier- 
eon is divided into chips by the conventional slicing 
techrnque. The thus obtained chips are placed in pack- 
ages, given conducting wires are secured to electrodes. 

25 and finally the packages are sealed in an air-tight man- 
ner. In this manner, a surface acoistic wave device can 
be obtained on a mass production seal a 
[0035] Now an exannple of depositing the gallium 
nitride layer 2 and aluminum nitride single crystal layer 

30 3 will be explained. 

[0036] As shown in Rg. 7, at first the sapphire sin- 
gle crystal water 1 having tiie off-angled surface is intro- 
duced into a CVD apparatus and then is heated to a 
tenperature of about lOOCC, while a hydrogen gas is 

35 introduced into the CVD apparatus to subject the sap- 
phire wafer 1 to the hydrogen annealing for about thirty 
minutes. During the deposition of layers, the CVD appa- 
ratus is m^ntained at a pressure of ^ut 15 Tons. 
Next, the temperature of the sapphire single crystal 

40 wafer 1 is decreased to about d50°C, and after that an 
initial nib^iding treatment is performed by introducing an 
ammonia (NH3) gas at a flow rate of 1-5 litters/min for 
about ten minutes into the CVD apparatus together with 
a carrier gas consisting of hydrogen or nitrogwi. During 

45 this initial nitriding treatment, on the surface of the sap- 
phire single crystal substrate 1 is formed a very thin 
AINO film having an average thickness of about several 
tens micron-meters. This thin fflm is not shown in Rg. 2. 
[0037] Then, a tiimethylgallium (TMG) gas and an 

50 ammonia gas are introduced into the CVD apparatus at 
flow rates of about 25 |unole/min and about 2 litters/min, 
respectively for about ten minutes to deposit gallium 
nitride to form the gallium nitride layer 2 having an aver- 
age thickness of about 0.13 \Lm. After that a trimethyla- 

55 luminum (TMA) gas and an ammonia gas are 
introduced Into the CVD apparatus for one hundred and 
twenty minutes at flow rates of 30 nmole/min and 1 -5 Irt- 
ters/min. respectively to deposit the aluminum nitride 
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single aystal layer 3 with an average thickness of abcHJt 
2.3 \un. Then, only the hydrog^ carrier gas is SLpplred 
and the sapphire single crystal substrate 1 is gradually 
cooled down to the room temperature. 
[0038] In the manner explained above, according 
the invention, the gallium nitride buffer layer 2 and the 
aluminum nitride single crystal layer 3 can be succes- 
sively deposited without removing the sapphire wafer 1 
from the CVD apparatus, and moreover the sapphire 
single crystal sutjstrate is kept to a constant tempera- 
ture, the manutecturing process is very simple. 
[0039] Accoiding to the invention, use is made of 
the sapphire single crystal substrate or wafer 1 having 
the off-angled surface which is obtained by rotating the 
R(1-102) surface about the [1 1-20] axis by a given off- 
angle. Now a r^ationship between the off-angle and the 
generation of clacks will be explained. In a graph shown 
in Fig. 8, the rotation angle of the R(1-102) about the 
[11-20] axis is denoted on the horizontal axis, and the 
clack generatbn rate is represented on the vertical axis. 
The off-angle is changed within a range from +4° to -4°. 
As can be understood from Rg. 8, when the off-angle is 
zero, i.e. when the R-surface is not rotated, the clack 
generation rate anxnjnts to a large value about 70%, 
and the dack generatbn rate is further increased when 
the R-surface is rotated in the + direction. However, 
when the R-surface is rotated in the - direction, the clack 
generation rale is decreased abruptly. When the - rota- 
tion exceeds 2", the dack generation rate becomes sub- 
stantially zero. 

[0040] f=ig. 9 is a graph lowing a variation of the 
clack generation rate when an average thickness of the 
gallium nitrkJe buffer layer 2 is changed. The gallium 
nitride buffer layer 2 is fonned on the sapphire single 
crystal substrate 1 having the off^gte of -4°, and the 
aluminum nitride single crystal layer 3 having an aver- 
age thickness of 2 |im is deposited. The dack genera- 
tion rate is evaluated by the number of dacks induced in 
a three inch wrafer. 

[0041] As can be seen from Rg. 9, when an aver- 
age thickness of the gallium nitride buffer layer 2 is 
smaller than 0.1 rim, the practically obstacle number of 
clacks are induced, but when an average thickness of 
the gallium nitride buffer layer 2 is larger than 0.1 )im. 
the generation of dacks is extremely suppressed. When 
an average thickness of the gallium nitride buffer layer 2 
is larger than 0.2 jim. there is no remarkable change in 
the reduction of the clack generation rate, and therefore 
it is preferable that the gallium nitride buffer layer has an 
average thickness of 01-0.2 fim. 
[0042] Fig. 10 is a plan view showing an embodi- 
ment of the surfece acoustic wave device according to 
the invention comprising the substrate explained above. 
In the present embodiment the surface acoustic wave 
device is formed as a surface acoustic wave filter, which 
comprises a sapphire single crystal substrate, a gallium 
nitride buffer layer deposited on the sapphire substrate 
with an average thickness of 0.1 rmi and an aluminum 



nitride single crystal layer deposited on buffer layer with 
an average thickness of 2.3 jim. and an electrode struc- 
ture is deposited on tfie aluminum nitride single crystal 
layer. In the present embodiment, an input side trans- 

5 ducer 23 is formed by regular type interdigital elec- 
trodes 21 and 22 whose adjacent electrode fingers are 
interdigitally crossed each other, and an output side 
transducer 26 is arranged to be separated from the 
input side transducer 21 by a predetermined distance, 
10 said output side transducer being also formed by regu- 
lar type interdigital electrodes 24 and 25 whose adja- 
cent eledrode fingers are crossed with each other in an 
interdigital manner. The alununum nitride single crystal 
layer on which the electrodes are deposited has a very 

IS high propagating velocity tor a surface aaxjstic wave 
not lower than 5000 m/sec, and thus by suitatsly setting 
widtfis of electrode fingers and distances between adja- 
cent electrode fingers, it is possible to realize the sur- 
face acoustic vrave f ater having a very high operation 

20 frequency of an order of Ghlz. 

[0043] Rg. 11 is a graph showing TCP (Tempera- 
ture Coeff ident of Frequency) at a center frequency of 
the surface acoustic wave device shcwm in Rg. 10. In 
this embodiment, a designed center frequency is 2500 

25 liflHz and a wavel ength X is 2.25 jim. TCP is theoretcalty 
expressed by (f-f oVf (,(ppm) , where f,, is the center fre- 
quency. As can be understood from this graph, the sur- 
face acoustic wave device according to the invention 
can have TCP of -20 ppnVC. which is dose to a theo- 

30 retical value. 

[0044] The present invention is not limited to the 
embodiments explained atMve, but many alternations 
and modifications may be conceived by those skilled in 
the art within the scope of the invention. 

35 [0045] For instance, in the above embodiment, the 
buffer layer is consisting of the gallium nitride layer, but 
it may be consisting of an aluminum-gallium nitride (Al- 
Ga-N) layer. In this case, a composition ratio between 
aluminum and gallium may be adjusted over a wide 

40 range by controlling flow rates cS NH3. IMG and TMA 
during the MCXJVD process. Further, the composition of 
ttie aluminunvgallium nitride buffer la^r may be 
changed in a direction of a thickness. For instance, a 
flow rate of TMG is gradually increased and at the same 

45 time a flow rate of TMA is gradually decreased. The 
effects obtained by the above enrtxxliment can be 
equally obtained by using the aluminum-gallium (Al-Ga- 
N) nitride as the buffer layer. 

[0046] Furthermore, in the above enrtodiment. use 
50 is made of the sapphire single crystal wafer having a 
diameter of three inches, but according to the invention 
a sapphire single crystal wafer having a diameter v^ich 
is smaller or larger than three inches may be used. As 
stated above, the advantages of tiie present invention 
55 can be attained effectively when using large sapphire 
single crystal wafer, it is preferable to use a sapphire 
single crystal wafer having a dianreter not less th^ two 
inches. 
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[0047] Moreover, in the above embodiment, the sur- 
face aocustic wave device according to the invention ts 
realized as the surface acoustic wave filter having the 
regular type interdigital electrodes, but the sur^ce 
acoustic wave filter may comprise any other type of 5 
electrodes or weighted electrodes. Further, the surface 
acoustic wave device may be realized as surface acous- 
tic wave resonator or delay line. 
[0048] As explained above in detail, accwding to 
the invention, it is posstbte to provide the aluminum 10 
nitride single crystal layer which has no clack, a suffi- 
ciently high electromechanical coupling coefficient K^, a 
sufficiently small TCF at the center frequency, and a 
high propagating velocity for the surface acoustic wave 
even if the sapphire single crystal wafer of not less than is 
two inches is used. Tberefore, surface acoustic wave 
devices having excellent property and an extremely 
high operation frequency can be realized at a low cost 
Moreover, the buffer layer can have a sufficiently large 
average thickness which can be controlled easily and 20 
accurately, and the deposition of the buffer layer can be 
performed at a high temperature. Therefore, the manu- 
facturing process can be sinplified and the manufactur- 
ing cost can be reduced. 

[0049] A sapphire single crystal wafer 1 1 having a as 
diameter not less than two inches and having an off 
angled surface whkih is obtained by rotating an R (1- 
1 02) surface about a [1 1 -20] axis in a negative directfon 
by a given off^angle not less than 2° is introduced in a 
CVD apparatus. While the sapphire substrate is kept at so 
a temperanjre about SSO'C, a buffer layer made of gal- 
lium nitride or aluminum-gallium nitride is first deposited 
with an average thickness of 0.1-0.2 fim, arxi ttien a alu- 
minum nitride single crystal layer is deposited with an 
average thickness not less than about 2 \im. The thus 35 
obtained aluminum nitride single crystal layer has not a 
signifKant amount of cfacks, has an excellent piezoelec- 
tric property, and has a high propagating velocity. 

Claims 40 

1. A substrate for use in a surface acoustic wave 
device comprising a sapphire single crystal sub- 
strate made of a-AlgQs, a buffor layer formed on the 
sapphire single crystal substrate, said buffer layer 45 
being made of a material selected from the group 
consisting of gallium nitride and aluminum-gallium 
nitride, and an aluminum nifride single crystal layer 
formed on said buffer layer with an average thick- 
ness larger tfian that of the buffer layer. 50 

2. Tbe substrate according to cfaim 1, wherein said 
buffer layer is formed on an oft-angled surface of 
the sapphire single crystal substrate obtained by 
rotating an R(1 -102) surface about a [1 1 -20] axis by 55 
a given off-angle. 

3. The substrate according to cfaim 2, wherein said 



off-angled surface is formed by rotating the R(1- 
102) surface about the [11-20] axis in a negative 
direction. 

4. The sidistrate according to claim 3, wherein said 
off-angled surface is formed by rotating the R(1- 
102) surface about the [1 1 -20] axis in the negative 
direction by an off^ngie not less than about 2**. 

5. The substiate acceding to daim 1 , wherein said 
buffor layer has an average thickness of substan- 
tially 0.1 -0.2 Jim. 

6. The substrate according to daim 1, wheran said 
aluminum nitride single crystal layer deposited on 
the buffer fayer has an average thickness not less 
that about 2 (un. 

7. The substrate according to daim 1, wherein said 
buffer layer is corvsisting of aluminunr>-galtium 
nitrkJe layer whose composition is varied. 

8. The substrate according to daim 7, wherein a com- 
position of said buffor layer consisting of aluminum- 
gallium nitride layer is gradually varied in a direction 
of thickness. 

9. The substrate according to daim 1, wherein said 
subsbBte has an electromechanical coupling coeffi- 
dent of about 0.8 % and a temperature coeffi- 
dent of frequency of about -20 ppnV°C at a cerrter 
frequency. 

10. The sutistrate according to daim 1, wherein said 
aluminum nitride single crystal layer has a polished 
surface. 

11. The substrate acc(»ding to daim 1, wherein said 
sapphire single crystal substrate is formed by a 
wafer having a diameter not less than two inches. 

12. A method of manufacturing a substrate for use in a 
surface acoustic ware device comprising the st^ 

of: 

preparing a sapphire single crystal substrate 
made of a-Al2Q3 and having an off-angled sur- 
face which is obtained by rotating an R(1-102) 
surface about [11-20] axis by a given off-angle; 
depositing by MOCVD, on sakJ off-angled sur- 
face of the sapphire single crystal substrate, a 
buffer layer made of a material selected from 
the group consisting of aluminum nitride and 
aluminum-gallium nitride; and 
depositing, on said buffer layer, an aluminum 
nitride single crystal layer by MOCVD. 

13. The method according to daim 1 2, wherein said off- 
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angled surface of the sapphire sir>gle crystal sub- 
strate ts obtained by rotating the R( 1-102) surface 
about the [11 -20] axis in a negative cErectton by an 
off-angle not less than about 2°. 

5 

14. The method accoidtng to claim 12, wherein said 
buffer layer and aluminum nitride single crystal 
layer are successively and continuously deposited, 
while the sapphire single crystal wafer is main- 
tained in an GVD apparatus. w 



22. The device according to daim 21, wherein said off- 
angled surface is tomed by rotating the R{1-102) 
surface about the [11-20] axis in a negative direc- 
tion by an off-angle not less tfian about 2°. 

23. The device according to daim 1, wherein said 
buffer layer has an average thickness of substan- 
tially 0.1-0.2 fun, and said aluminum nitride single 
crystal layer deposited on the buffer layer has an 
average thickness not less that about 2 (un. 



15. The method according to claim 14, wheran during 
the deposition of said buffer layer and aluminum 
nitride single crystal layer, the sapphire single crys- 
tal waf w is kept at a temperature 900- 1 1 0O'C, is 



24. The device according to claim 23, wherein said 
tntenjigital electrode structure is formed on a pol- 
ished surface of said aluminum nitride single crystal 
layer. 



16. The method according to claim 15, wherein said 
sapphire single crystal wafer is kept at about 9S0°C. 

17. The method according to daim 13. wherein sakl so 
buffer layer is deposited with an average thickness 

of atxiut 0.1-0.2 \Lm, and said aluminum nitride sin- 
gle crystal layer is deposited with an average thick- 
ness not less than about 2 )im. 

25 

18. The method accmding to daim 17, wherein after 
depositing said aluminum nitride single crystal 
layer, a surface of the thus deposited aluminum 
nitride single crystal layer is polished to have an 
average thickness not less than about 2 \im. x 

19. The metfxxd according to claim 12, wherein prior to 
me depos'rtion of said buffer layer, said method fur- 
ther comprises a st^ of subjecting the sap^ire 
single crystal substrate to a hydrogen annealing, 35 
and a step of subjecting the thus hydrogen 
annealed surface of the sapi^ire single crystal sub- 
strate to a nitriding treatment. 

20. A surfece acoustic wave devKe cfHiprising: 40 

a sapphire single crystal sut)strate made of a- 
AI2O3: 

a buffer lay^ formed on the sapphire single 
crystal substrate, saki buffer layer being made 45 
of a material selected from the group consisting 
of gallium nitride and aluminum-gallium nitide; 
an aluminum nitride single crystal layer formed 
on said buffer layer vnth an average thickness 
larger than that of the buffer layer; and so 
an interdigital electrode structure formed on 
said aluminum nitride single crystal layer. 



25. The device according to claim 20. v^erein said 
substrate has an electrcxnedtanical coupling coeffi- 
dent of about 0.8 %. a temperature coeff ident of 
frequency of about -20 ppm/*C at a center fre- 
quency, and a surface acoustic wave propagating 
velocity higher than 5000 rrVsec. 

26. The device according to daim 25, wherein said 
interdigital electrode structure is formed such that 
the surface acoustic device operates at an opera- 
tion frequency not lower than 1 GHz. 



21. The device according to daim 20. wherein said 
buffer layer is formed on an off-angled surface of ss 
the sapphire single crystal substrate obtained by 
rotating an R(1-102) surface about a [11-20] axis in 
a negative direction by a given off-angle. 
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R-Surface 
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The Number of Clacks on 3 'Wafer 



15 



EP0 999G40A2 




16 



